Introduction
A substitution reaction is characterised by the replacement of a molecule (or ion) from the coordination shell of a reactive centre by another molecule (or ion) from the reaction medium, irrespective of whether it is a gas or a liquid. During the substitution the bond between the ligand and the reactive centre is broken, while a new bond is formed between that centre and the new species entering the coordination shell. When the electron pair accompanies the leaving group X, it is called nucleophilic substitution [Mechanism (I), in which Y À is the nucleophilic reagent]. The current classification of aliphatic nucleophilic substitutions is based on the molecularity of their rate-determining step and distinguishes between first-order (S N 1) and second-order (S N 2) nucleophilic substitutions. [1] Textbooks often present S N 2 and S N 1 reactions as the example of two extremes of a mechanistic continuum. [2] [3] [4] Owing to the high ionisation potential of the CH 3 C radical, methyl group transfers are classed as S N 2 substitution reactions. Its molecularity is related to highly synchronised bond-breaking and -making events in the transition state [Mechanism (II)].
The history of S N 2 reactions closely parallels the development of concepts such as structure-reactivity relationships, linear free-energy relationships, steric inhibition, kinetics as a probe of mechanism, stereochemistry as a probe of mechanism and solvent effects, and places them among the most fundamental processes in chemistry.
The relationship between S N 2 and electron-transfer (ET) reaction mechanisms has also been intensively explored. The S N 2 and ET reactions [Mechanisms (I) and (III)] can be represented on the same potential-energy surface following the observation that the net effect of S N 2 reactions is the transfer of a single electron from the nucleophile to the leaving group. [5, 6] 
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electron transfer · nucleophilic substitution · rate constants · solvent effects · structure-activity relationships Note that the dimerisation of the radicals YC and RC leads to products that are indistinguishable from the products of Mechanism (I), and that this process can be very fast in a solvent cage. Mechanism (IV) is an outer-sphere ET from the point of view of the electron donor and an inner-sphere ET from the point of view of the electron acceptor. [7] There are at least three different views on the relationship between S N 2 and ET reactions: 1) S N 2 and outer-sphere ET reactions are extremes of a spectrum of different transition states, with the inner-sphere ET in between. [7] [8] [9] [10] 2) They occur on the same potential energy surface, but along different reaction coordinates and are competitive. [11] [12] [13] 3) They are served by the same transition state, the S N 2 and ET products branching out as the reactive trajectories descend from the transition state. [14] [15] [16] It is remarkable that the relationship between S N 2 and ET reactions continues to provide stimulating ideas about reactivity and mechanism in organic chemistry, even though they are among the most widely studied chemical reactions.
A conceptual understanding of the energy variations along the reaction coordinate of S N 2 reactions was provided by the model of Shaik and Pross and is based on valencebond (VB) theory. [17, 18] The key feature of this model is the representation of the reactants and products by VB wavefunctions and the recognition that they are incorporated into well-defined excited states of products and reactants. In the simplest approximation of this VB theory, and for the case of symmetrical exchanges (Y = X), only three VB structures are considered, one representing the reactants (XD À CH 3 CÀCX), another the transition state (XD À CH 3 + À DX) and the last one the products (XC ÀC CH 3 À DX). The barrier of the reaction is expressed as a fraction (f) of the vertical electron-transfer energy from XD À to CH 3 X, from which the avoided crossing interaction (B) is subtracted, [Eq. (1), in which I P and E A are the ionisation potential and electron affinity, respectively]. The activation energy reflects the size of the vertical electron-transfer energy and the resistance to molecular distortions, with this latter parameter reflected by the value of f. The value of the curvature factor f depends on the energy curve employed to derive Equation (1) .
For example, when two identical parabolae are employed, then f = 0.25 and a Marcusian-type expression is obtained in which the energy gap I P (YD)ÀE A (RX) replaces the reorganisation energy l in the Marcus expression. The avoided crossing interaction, which is the resonance in the transition state, has been related to the degree of positive charge on the CH 3 group and to the bond dissociation energy of the CÀX bond. [19] Although the VB model provides important insights into S N 2 reactivity, most of the current theoretical investigations of gas-phase S N 2 reactions rely on high-level ab initio molecular-orbital calculations because they provide accurate reaction barriers. [20] [21] [22] [23] [24] [25] [26] [27] [28] Particularly enlightening are the systematic calculations of Hoz and co-workers, [27] which showed the internal barriers of gas-phase symmetrical methyl group transfers increase from right to left across the Periodic Table, but remain approximately constant down the column of the nucleophilic atom X. These unexpected reactivity trends have been interpreted in terms of a very simple formulation of the intersecting-state model [29] and further explored through the study of S N 2 reactions on nitrogen. [30] We recently refined the intersecting-state model to quantitatively express the interactions between the intersecting states in terms of the properties of reactants and products. [31] The improved version of the intersecting/interacting-state model (ISM) proved valuable in calculations of absolute rate constants of atom and proton transfer reactions. [31] [32] [33] This work takes advantage of such refinements to relate the barriers of methyl transfers to the properties of the reactants and products. Additionally, we present a very simple but quantitative approach to the analysis of effects of solvent on the reaction rates.
Theory and Methodology
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tion (2) , in which a is a constant and n°is the bond order in the transition state.
Earlier applications of the ISM to atom and proton transfers showed that the proportionality between bond extensions and the logarithm of the bond order has a greater generality when it is applied to the equilibrium bond lengths of both reactants and products [Eq. (3), in which a' = 0.182]. This expresses the fact that longer bonds tend to distort more than shorter ones and that two bonds are present in the transition state. In the specific case of symmetrical methyl transfers (l XC = l YC ), for which the transition-state bond order is n°= 0.5, then the bond extension is given by Equation (4).
Earlier applications of the ISM employed either harmonic oscillators or Morse curves. Naturally, the value of the scaling factor a' will depend on the potential energy function employed to describe the extension of the reactive bond from equilibrium to the transition-state configuration. In this study of methyl transfers we calculated the transition-state bond extensions (l XC°) and energies (DV°) by using both Morse curves (the data for the relevant CÀX bonds are given in Table 1 ) and harmonic oscillators. The harmonic force constant can be obtained from Morse curve data by using Equation (5); the depth of the potential minimum, D e , employed in the Morse curves is calculated from the bond dissociation energies determined at 298 K (D 298 A) by using the correction for the bond strengths at absolute zero and the correction for the zero-point energies, D e = D 298 AÀ1.5RT+0.5hcw e . [31] f
The spectroscopic constant b is related to the electronic dissociation energy of the XÀCH 3 bond, the equilibrium stretching frequency (w e ) and the reduced mass (m) through Equation (6) , in which w e = ñ + 0.5hcñ 2 / (D 298 AÀ1.5RT) and ñ is the observed infrared stretching frequency. [43] Morse curves require a higher scaling factor a' to give comparable values of l XC°a nd DV°. In view of the simple relationship between molecular structure and chemical reactivity pursued in this work and of the similarity between appropriately scaled calculations with Morse curves or harmonic oscillators, in this work we will focus on the use of harmonic oscillators.
The transition-state bond lengths given by Equation (4) with a' = 0.182 are compared in Figure 1 with the corresponding values obtained by high-level ab initio calculations for symmetrical methyl transfers, in which X = F, Cl, Br or I. [20, 28] There is a good agreement between ISM and ab initio calculations. We do not assign a special meaning to the fact that the scaling factor previously employed for atom and proton transfers also works for S N 2 reactions, but it is a remarkable achievement that Equation (3) provides meaningful transition-state bond lengths for such diverse reactions with such a simple scaling factor.
Hydrogen atom and proton transfers have significant tunnelling corrections and their rates can only be calculated when the full reaction path is accurately known. However, tunnelling of methyl groups is negligible at room temperature and so we do not have to calculate the full reaction path to obtain kinetically relevant results. Thus, we can explore the kinetics of symmetrical methyl transfers with the bond extensions given by Equation (4) and harmonic oscillators for the XÀCH 3 bond extensions. The energy barrier for a symmetrical methyl transfer is then given by Equation (7), in which m is Parrs electrophilicity index. [44] The electrophilicity index gives the saturation point for electron inflow at the transition state, at which it attains a value given by Equation (8) . Table 1 . Bond lengths, bond dissociation energies, vibrational frequencies, harmonic force constants of the molecules and ionisation potentials and electron affinities of the radicals employed in the calculation of the energy barriers of H-atom and methyl transfer reactions. 
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The function describing the change of m from unity in the reactants XÀ C bond to the value given by Equation (8) for the transition state has been discussed in detail elsewhere, [33] but it is not relevant for this study because it does not require the full reaction path. Our interest is in the energy of the transition state and this is simply given by Equations (7) and (8) for symmetrical methyl transfers.
In previous applications of the ISM, it was argued that m accounts for the resonance in the transition state because maximising its electron density is equivalent to maximising its binding energy, and this has the same nature as the traditional resonance between equivalent valence-bond structures of a molecule. The implication of this argument is that the electronic stabilisation owing to the increase of m from unity to the value given by Equation (7) should be comparable to the resonance energy of the VB model of Shaik and Pross, which is expressed by B in Equation (1). Indeed, for symmetrical methyl transfers, in which X = F, Cl, Br and I, B = 29.2, 21.2, 21.1 and 20.2 kcal mol À1 , respectively, [19] whereas the energy stabilisations given by Equation (7), when m increases from unity to the value given by Equation (8), are 23.6, 28.8, 27.9 and 27.5 kcal mol
À1
. Both models predict a similar trend in stabilisation energies when X = Cl, Br and I. However, the VB model predicts a higher stabilisation energy when X = F, whereas the ISM predicts a lower value. As discussed below, with the ISM, part of the stabilisation energy in this latter case is assigned to hydrogen bonding.
Results and Discussion
Symmetrical methyl transfers in the gas phase: It is convenient to start by studying methyl transfers in the gas phase and to avoid solvent effects. However, there is a price to be paid for this simplification. In the gas phase these reactions proceed through the barrierless formation of a precursor ion-dipole complex, followed by the actual methyl transfer and the formation of a successor ion-dipole complex before the final products separate [Mechanism (V)].
The structures that are generally believed to represent the complexes and the transition state are presented in Scheme 1 and account for the inversion of configuration in pure S N 2 reactions.
It is tempting to draw an analogy between this mechanism and that of proton transfers in the gas phase, which also proceed through the formation of precursor and successor complexes separated by a central barrier. [45] For proton transfers, we have shown that the covalency of the hydrogen bond leads to an incipient proton transfer and reduces the central barrier. However, the complexes involved in methyl transfers are electrostatic in nature and cannot contribute to the advancement of the bond-breaking-bond-making process. Therefore, the barrier given by Equation (7) should be directly comparable to the central barrier calculated by ab initio methods. Figure 2 compares the energy barriers calculated with Equation (7) by using a' = 0.182 with the central barrier of G2(+) and W1 ab initio calculations. [26, 27] These ab initio methods effectively incorporate zero-point vibrational energy (ZPE) corrections, which are absent at this level of ISM calculations. The comparison between ab initio calculations of S N 2 reactions between halide ions and halomethanes with and without ZPE corrections reveals that ZPE correction reduces the classical barriers by around 1 kcal mol
À1
. [23, 26, 27] Thus, in Figure 2 we added 1 kcal mol À1 to the ZPE-corrected ab initio barrier so that we could compare it with the classical ISM barrier. Although the scaling of the ISM was carried out with structural rather than energetic data, it also leads to barriers in good agreement with those of ab initio calculations when harmonic oscillators are employed. The barriers of the CH 3 O À + CH 3 OCH 3 and F À + CH 3 F systems are overestimated. There is strong evidence that hydrogen bonds are formed between oxygen-centred acids and carbon bases. [47] The precursor complexes of S N 2 reactions in the gas phase typically have the structure illustrated in Scheme 1, but when X = F À or CH 3 O À there is significant X···HC bonding in the gas phase [48] and this may contribute to the progress along the reaction coordinate. In proton transfers, we have shown that when hydrogen bondScheme 1. Precursor complex, transition state and successor complex in gas-phase methyl transfer. Figure 2 . Correlation between the central barriers of gas-phase methyl transfers as determined by ab initio and ISM calculations. *) Identity transfers of the type: X À + CH 3 X (X = CH 3 CH 2 , CH 3 NH, CH 3 O, F, CH 3 S, Cl, Br, I). [26, 27] &) Cross-reactions of halide ions with halomethanes. [26, 46] The line is the ideal correlation. See the Supporting Information for details.
ing occurs along the reactions coordinate, it can be regarded as an incipient proton transfer and it reduces the reaction barrier. [45] The reasoning can be extended to the systems mentioned above and the inclusion of hydrogen bonding along the reaction coordinate would bring the calculated barriers into better agreement with those of ab initio calculations. However, rather than introducing a higher degree of sophistication into our calculations, we find it more interesting to explore the relationship between molecular structure and chemical reactivity that they offer.
The ISM calculations reproduce the trends of the ab initio barriers: the central barriers change modestly down the last column and dramatically along the second row of the Periodic Table. The relative constancy of the central barrier within a column of the Periodic Table has a simple explanation within the framework of the ISM. As the atomic number of the halogen atoms increases, the X À C bond lengths increase (1.382, 1.785, 1.933, 2.132 ), the corresponding force constants decrease (704, 416, 340, 271 kcal mol À1 À2 ) and the electrophilicity indices remain approximately constant (1.493, 1.773, 1.796, 1.828). Equation (7) shows that, for a constant m, the decrease in f XC is compensated by the increase in l XC and the barriers remain approximately constant. [29] This compensation is illustrated in Figure 3a .
The ISM also accommodates the decrease in the central barrier along the second row of the Periodic ) and the relative reactivity is dominated by the increase in m (0.938, 1.161, 1.343, 1.493). Figure 3b offers a simple view of the effect of m on the energy barrier, by dividing f XC by m 2 . It should always be remembered that this is only a schematic view because the force constants near the minima are given by the spectroscopic properties of the bonds, whereas the full effect of m is only manifested in the transition state.
The beauty of this explanation undoubtedly lies in its straightforwardness and simplicity. Moreover, similar trends have been calculated for the transfer of the NA C H T U N G T R E N N U N G (CH 3 ) 2 group, [49] and confirmed by other authors, [20] in support of the reactivity factors described above.
Symmetrical methyl transfers in solution:
The mechanistic complexity of S N 2 reactions is removed in aqueous solutions. In polar solvents, the ionic nature of the reactants and products facilitates their solvation to a higher degree than the precursor or successor complexes. As a result, in a sufficiently polar solvent these complexes disappear from the reaction coordinate and methyl transfer becomes an elementary reaction. For identity transfers, in which DVA = 0, the changes in solvation energy are relatively independent of the nature of the reactants and the trends in reactivity observed for gas-phase reactions can be expected to be observed in solution. The recognition of the same reactivity patterns in symmetrical methyl transfers in the gas phase and in solution suggests that the explanation offered by the ISM for such patterns in the gas phase is also applicable to solution. However, the electronic parameter of the ISM, m in Equation (8) , is calculated from gas-phase ionisation energies and electron affinities. Before applying the ISM to reactions in solution, it is important to anticipate the changes that can be expected for m.
According to Contreras and co-workers, [50] continuum solvent effects tend to attenuate the electrophilicity index of charged and ionic electrophiles. Thus, on going from the gas phase to a polar solvent, m tends to decrease. Although this qualitative solvent dependence is simple to understand, the actual extent of the decrease in m with the increase in solvent polarity is very difficult to anticipate. Rather than attempting to model solvent properties and correlate them with m, we followed the correlations exposed by Parker et al., which relate solvent effects in S N 2 reaction rates to the corresponding transfer free energy of activation or, empirically, to the solvent acceptor number (AN). [51] The acceptor number measures the ability of solvents to interact with electron pairs from suitable donors. The precise nature of the donor-acceptor interaction (hydrogen bonding, iondipole interaction, formation of an acid-base adduct, covalent bonding, etc.) does not need to be specified. A simple functional dependence is given by Equation (9), in which m www.chemeurj.org is the gas-phase value (AN = 0) given by Equation (8) that reproduce the activation energies of *I À + CH 3 I exchange in water, ethylene glycol, methanol, ethanol and acetone [52] and the G2(+) central barrier in the gas phase with 1 kcal mol À1 added to account for the ZPE correction. [27] The Arrhenius activation energies measured in solution differ from the potential-energy barriers calculated with Equation (7). Under the conditions in which the vibrational partition functions are approximately unity, their relation is given by Equation (10), [53] in which DV°a d = DV°+ ZPE.
The ZPE and RT corrections contribute to a decrease in the reaction barrier of an amount that corresponds to a factor of ten in the rate at room temperature. This can be accommodated in the pre-exponential factor for S N 2 reactions and, together with the typical collision factor in solution of 10 11 m À1 s
À1
, gives A 0 % 10 10 m À1 s
. Neglecting symmetry factors and tunnelling corrections, the classical ISM/TST rates for S N 2 reactions can then be expressed by Equation (11), [31] in which p = 0,2,3 when the nucleophile is an atom, a diatomic or a polyatomic species, q v and q r are vibrational and rotational partition functions and (q v /q r ) % Figure 5 compares the rate constants calculated for *I À + CH 3 I exchange with the experimental data obtained in several solvents. The calculated rates are in very good agreement with experimental results, but this agreement benefits from the calibration of Equation (9) with the data in Figure 4 . The usefulness of this calibration depends on its generality and this requires the use of cross-reactions.
Methyl cross-reactions in the gas phase: The reaction energy of a cross-reaction in the gas phase can be obtained from the difference in bond dissociation energies and electron affinities of the two reaction partners [Eq. (12) ]. However, this is not a directly relevant reaction energy for the central barrier of a methyl exchange because the energetic separation between the minima of the precursor and successor complexes may not correspond to the energetic separation between isolated reactants and products. For the reaction illustrated above, the complexation energies for Cl À ···CH 3 Br and Br À ···CH 3 Cl are À12.5 and À10.9 kcal mol À1 , respectively, [55] and the energetic separation between the complexes is only 1.6 kcal mol À1 less exothermic than DH r A. When the difference between the complexation energies is small, as in the case of alkyl halide···halide ions, [55, 56] it is legitimate to expect that the global free energy of the reaction is reflected by the central barrier and that the reactivity follows a free-energy relationship. This is approximately the case for the cross-reactions between halide ions, such as Cl À /CH 3 Br, F À /CH 3 Cl and F À /CH 3 Br, for which the reaction exothermicity, calculated as the energy difference &) The experimental rates of methyl self-exchange and *) the experimental rates of electron self-exchange. [52, 54] The full line represents the ISM calculated rates. * The experimental rate measured in chloroform. It is not included in the electron self-exchange linear correlation (dashed line) because this datum is an outlier in all the correlations with solvent parameters tested. [54] Chem. Eur. J. . According to the ab initio W1 method, the corresponding central barriers are 8.6, 2.9 and 0.7 kcal mol À1 . [26] Apparently, this method tends to underestimate these barriers because the experimental barrier for the Cl À /CH 3 Br exchange is 10.7 kcal mol À1 [55] and for the F À /CH 3 Cl exchange it lies between 5.8 and 8.1 kcal mol
. [57] The central barrier of a cross-reaction is determined by the energy of the crossing between reactant and product potential energy curves, as given by Equation (13), in which DVA is the reaction energy. When the reactant C À X and the product CÀY bonds are represented by harmonic oscillators, we have Equations (14) and (15), in which the value of n that satisfies the equality of Equation (13) is the transitionstate bond order, n°. As a first approximation, the electronic parameter of the cross-reaction, m YX , can be taken as the average of the values of m for the identity reactions, m YX = (m XX + m YY )/2. Equations (13) and (14) can be solved iteratively or through the internet site dedicated to ISM calculations. [58] The calculations carried out by using this harmonic approximation and the global reaction energy are in good agreement with the experimental cross-reaction barriers between halide ions, which gave 9. Figure 2 also includes a comparison between cross-reaction rates of halide ions with halomethanes calculated by the ISM and ab initio methods. In addition to the exchanges calculated by the W1 method, [26] Figure 2 also includes the F À /CH 3 I, Cl À /CH 3 I and Br À /CH 3 I exchanges calculated by the G2(+) method. [46] V CX ð1ÀnÞ ¼ V CY ðnÞ þ DVA ð13Þ
It is well known that gas-phase S N 2 cross-reactions of halide ions with halomethane ions follow a linear freeenergy relationship, namely the Bell-Evans-Polanyi relationship, [59, 60] DV°a d = aDV ad A + V ad A, in which a is a constant and V ad A an intrinsic barrier. However, the success of this approach to the analysis of gas-phase methyl transfers is limited by the difference in the stabilisation energies of the precursor and successor complexes. For example, the overall F À + CH 3 SH methyl transfer is exothermic, DH r A = À11.5 kcal mol
, but the central barrier is placed between two minima corresponding to ion-molecule complexes whose endothermic conversion requires DV ad A = 18.0 kcal mol À1 . [25] Although the reaction energy, measured for the separated products from the separated reactants, is moderately exothermic, the actual reaction involves a precursor and a successor complex that must be regarded as reaction intermediates. The conversion between these two intermediates is an elementary reaction and is endothermic because the electrostatic stabilisation in the F À + CH 3 SH complex is stronger than in the HS À + CH 3 F complex. The barrier calculated for the elementary reaction is high, DV°a d = 39.6 kcal mol À1 , [25] as expected for an endothermic reaction, but the energy of the transition state is only 1.6 kcal mol À1 above that of the separated reactants. According to the ISM, when DVA = 18.0 kcal mol À1 , DV°= 28.3 kcal mol
. This example shows that free-energy relationships can only be applied to elementary reactions otherwise they will fail or fortuitously give the correct results as a result of compensation of factors. Moreover, the presence of a stable intermediate may reduce the experimental activation energy and may even lead to a negative energy of activation. In such cases, the treatment of the reaction rates by using classical transition-state theory is not recommended. These limitations are not present for S N 2 cross-reactions in solution.
Methyl cross-reactions in solution: A first rationale for the activation free energies of methyl transfer cross-reactions in solution was presented by Albery and Kreevoy [61] in terms of the Marcus cross-relation given by Equation (16), in electrostatic which work terms were neglected. The reorganisation energy, l, is related to the average of the free energies of activation for the symmetrical reactions, l = 4(DG°X X + DG°Y Y )/2. This rationale met with considerable success in explaining the free-energy dependence of methyl transfers.
Note that Albery and Kreevoy expressed the cross-relation in terms of free energies and this leads to a systematic difference compared with the experimental activation energies. Empirically, DG°% E a + 3.5 kcal mol À1 when the pre-exponential factors in solution are A 0 % 10 10 m À1 s
. The entropy changes along the reaction path of the Cl À + CH 3 Cl reaction have been calculated with high accuracy by ab initio methods [21] and allow a comparison between DG°and E a . The central free-energy barrier given by the sum of the ZPE-corrected central barrier (G3 method: 13.0 kcal mol À1 ) and the entropy change for the formation of the transition state from the ion-dipole complex (DFT method: À8.7 e.u. at 300 K) is DG°= 15.6 kcal mol À1 . [21] According to these calculations, the central free-energy barrier is 2.6 kcal mol
higher than the corresponding potential-energy barrier, which supports the empirical estimate. Figure 6 compares the experimental rate constants obtained at 25 8C in water [62, 63] with the rate constants calculated with Equation (11) by using DVA % DGA; the reaction energies were taken from the work of Albery and Kreevoy [61] or from the ratio of the forward and reverse reactions. [62, 63] The bond lengths and force constants presented in Table 1 and the value of m' given by Equation (9) with d = 0.004 were used to calculate the ISM/TST rates in solution. Except for the OH À + CH 3 F reaction, which is 45 times faster than the calculated rate, the agreement between calculated and experimental rates is very good. The discrepanwww.chemeurj.org cy observed for the OH À + CH 3 F reaction may be related to the fact that the rates were experimentally measured in the 80-120 8C temperature range and extrapolated to 25 8C, [64] in contrast with the alkaline hydrolysis of the other methyl halides, which were measured in the 20-70 8C temperature range. [65] More interesting than reproducing the precise rate constants of methyl transfer in solution is to gain some understanding of the extraordinary solvent dependence of these rates. For example, the rate constant for the Cl À + CH 3 I methyl exchange increases from 3.2 10 À6 m À1 s À1 in water to 5.1 m À1 s À1 in acetone. [63] We calculate DGA = 1.1 kcal mol
from the forward and reverse reaction rates in water and DGA = À4.9 kcal mol À1 from the equilibrium constant in acetone. [62] With these reaction free energies we obtain k ISM = 1.9 10 À5 m À1 s À1 in water and 24 m À1 s À1 in acetone. Thus, the calculations reproduce the more than six orders of magnitude increase in the rate when the solvent is changed from water to acetone. Changing the reaction free energy with the solvent without changing m' leads to only a two-fold increase in the rate. The increase in m' from 1.446 in water to 1.712 in acetone contributes to a rate enhancement of four orders of magnitude. This is also the rate enhancement observed and calculated for *I À + CH 3 I exchange in Figure 5 , in which DGA = 0.
A similar example is the Br À + CH 3 I methyl exchange, whose rate constant increases from 4.0 10 À5 m À1 s À1 in water [63] to 10 m À1 s À1 in acetone, whereas DGA changes from 1.2 to À1.9 kcal mol À1 , according to the respective ratios of the forward and reverse rates. [63] We calculate that k ISM increases from 5.5 10 À5 to 6.5 m À1 s À1 with this change in solvent. The experimental and calculated rate increases are now smaller than those for the Cl À + CH 3 I exchange and account for the reversal in the order of nucleophilicity: Br À is a better nucleophile than Cl À in water, but not in acetone. This reversal can be assigned to the change in the thermodynamic driving force of these reactions with solvent because the symmetrical exchange in the gas phase involving Br À has a slightly lower barrier than that involving Cl À . [26] To rationalise the success of the ISM in calculating the rates of methyl transfer in different solvents with the same sensitivity parameter, d = 0.004, we substitute Equation (9) into Equation (7), retain only the first two terms in the infinite series that defines the exponential function and express the rate of a symmetrical reaction in a solvent s with respect to a reference solvent 0 as Equation (17), in which b is a constant related to the force constant, bond length and electrophilicity index. This equation is analogous to the empirical dependence of DG°t r on D(AN) found by Parker et al. [51] However, they found that the slope of DG°t r versus D(AN) depended on the nature of the reactants. This restriction is raised by the present ISM calculations because we have taken into account the nature of the reactants and the reaction energy in each solvent.
The conventional view of solvent effects in S N 2 reactions dramatises the importance of anion solvation. [4] The nature of the solvent effect revealed by the ISM is the use of the anion solvating power of the solvent to delocalise the electrons of the nucleophile to regions away from the reaction coordinate. In fact, the acceptor number expresses the ability of the solvent to accept an electron-pair from the nucleophile. When AN is high, the electron inflow at the transition state saturates at a lower point because part of the electron density of the nucleophile is coupled to the solvent and the value of m is lower. The result is less resonance in solvents with high AN and a higher energy barrier. This is a static solvent effect and, together with the thermodynamic effect of the solvent in the reaction energy, appears to dominate solvent effects in S N 2 reactions.
S N 2 versus electron-transfer mechanisms: An important distinction between S N 2 and outer-sphere ET mechanisms is the degree of resonance in the transition state. As discussed above, methyl exchanges of halide ions with halomethanes have resonance energies of between 20 and 30 kcal mol
and are associated with transition-state bond lengths of between 1.8 and 2.7 . Outer-sphere ET reactions are usually believed to have resonance energies of less than 1 kcal mol À1 in solution and to be structureless. [66] However, diatomic ion-molecule ET exchanges in the gas phase also involve the formation of precursor and successor complexes with significant electronic couplings between the two reactants. For example, Ohta and Morokuma calculated an electronic coupling of 13.4 kcal mol À1 for O 2 /O 2 À exchange, with the parallel axis formed by the two sets of nuclei 3.18 apart, and argued that an adiabatic approach with a proper transi- Figure 6 . Comparison between the ISM and experimental methyl transfer rate constants in water (& and *) [62, 63] and acetone (~) [52, 63] at 298 K.
In all cases, X = F, Cl, Br, I. See the Supporting Information for details. tion state should be preferred over the non-adiabatic, radiationless-transition approach. [67] Similar bonding was found in the ET transition state of the NCCHOC À + CH 3 Cl reaction, with a coupling of more than 14 kcal mol À1 , when the CÀC bond length in the transition state is 2.4 . [15] In this and related reactions the same transition state has been shown to serve both S N 2 and ET mechanisms. [14, 16] These examples of ET transition states come close to meeting the criteria for inner-sphere ET, which should have transition-state resonance interactions of between 7 and 2.3 kcal mol À1 and distances between the two reactant moieties ranging from 3.0 to 3.5 . [11] The change from S N 2 to ET character is heightened when active orbitals are highly encumbered sterically. Steric effects in S N 2 reactions increase the reaction barriers. For example, the barriers for the reactions of Br À with methyl, ethyl, isopropyl and tert-butyl bromides in acetone increase by 2 kcal mol À1 for each replacement of a hydrogen atom by a methyl group. [68] Ab initio calculations support the view that steric effects are similar in the gas phase and in solution. [69] The increase in the reaction barriers owing to the longer transition-state bond lengths imposed by steric effects can be accommodated by our model by using a higher value of a'. By using the data obtained from the Br À + CH 3 Br reaction in acetone and increasing a' from 0.182 to 0.218 by 0.012 every time a hydrogen atom is replaced by a CH 3 group, reproduces the 2 kcal mol À1 increases experimentally observed. Similar calculations for the methyl and ethyl exchanges in Cl À + CH 3 Cl and Cl À + CH 3 CH 2 Cl gave nearly identical energetic results and an increase of 0.03 in the transition-state bond lengths, similar to the 0.04 increase in C À Cl distance obtained by other semiempirical methods. [69] This naive treatment of steric effects serves to illustrate that a' may have to be scaled to different reference systems when a different class of reaction is studied. Nevertheless, it is quite evident that when active orbitals are centred in atoms more than 4 apart, the S N 2 mechanism becomes inoperative.
As the distance between the orbitals in the reactive complex becomes larger, their overlap becomes smaller. When the distance exceeds 6 , the resonance energy drops below 1 kcal mol À1 [11] and the reaction becomes truly non-adiabatic. In non-adiabatic reactions, such as outer-sphere ET, the separation between the reactants does not affect the reaction barrier. Rather, it is the pre-exponential factor that decreases exponentially with the separation between the reactants. The electron exchange between alkylhydrazines and their radical cations is a good example of an outer-sphere ET in the gas phase because the sphere centred on the N À N bonds of typical alkylhydrazines has a radius of around 4 . [70] The solvent dependence of these reactions is illustrated in Figure 5 . [54] The weak solvent dependence of the self-exchanges, the similar barriers in the gas phase and in acetonitrile and the constancy of the barrier for reactants of very different sizes led Nelsen et al. to conclude that the contribution of the solvent to the barrier is always less than 2 kcal mol À1 and the primary factor governing ET reactivity is the structural reorganisation. [71] The same conclusion had been reached in the ISM studies of these reactions. [72] It must be emphasised that in the ISM calculations of outer-sphere ET self-exchange rates, the parameter m in Equation (7) is replaced by 2n 0 , in which n 0 is the bond order of the reactive bond, because the integrity of the bonds is preserved in these reactions and their transition-state resonance is small. [72, 73] Also, the value of a' is smaller and identical to that used to reproduce the activation energies of hydrogenatom abstractions by radicals, a' = 0.156, [31, 74] as expected from the small steric effects and electronic repulsion in these reactions.
Bimolecular ET reactions are favoured over methyl transfers by their lower a', higher pre-exponential factor and 2n 0 / m' > 1. However, the large CH 3 À X bond dissociation energy makes the thermodynamics of the ET reaction in Mechanism (3) very unfavourable and unable to compete efficiently with the methyl transfer of Mechanism (1). For systems with smaller bond dissociation energies and low resonances (m % 1), ET can effectively compete with S N 2 and this should be gauged by the loss of stereospecificity of the reactions. The competition between S N 2 and ET mechanisms reflects the evolution of the system along different reaction coordinates. The methyl transfer reaction coordinate is characterised by the conservation of the total bond order and by a large resonance energy in the transition state. A typical outer-sphere ET may occur between reactants at large separations, with small resonance energy and uncorrelated bond order changes within each reactant. Each of these reaction coordinates can be treated independently of each other with appropriate models.
Conclusion
The very simple model presented here for S N 2 reactions gives a consistent view of methyl transfers, with proper transition-state structures, clear relationships between molecular structure and reactivity, and a rationale for their solvent dependence. The model requires information on only the bond lengths, force constants, ionisation potentials and electronic affinities of the reactants to calculate their intrinsic barriers in the gas phase. A simple empirical extension to calculate the rate constants in solution requires only one solvent parameter (its acceptor number), in addition to the thermodynamics of the reaction in that solvent.
The resonance in the transition state plays an important role in its stabilisation with consequent implications for the height of the reaction barrier. Although this resonance was assessed mostly by using information on the unidimensional reaction coordinate of the ISM, for reactions in solution this is not sufficient. Solvents with larger acceptor numbers interact strongly with the reactants and remove part of the electron density away from the ISM reaction coordinate, which leads to increased barriers. The classical argument for the slowness of S N 2 reactions by ionic nucleophiles in polar solvents is that the accentuated dispersal of the charge on the transition state leads to a poorer solvation of the transition state compared with the reactants. The ISM and classical interpretations are clearly related, as the removal of the electron density measured by the acceptor number is also a measure of the dispersal of charge. However, the ISM offers a quantitative approach to this effect, which is transferable between nucleophiles and solvents.
The H À + CH 3 H exchange, ignored so far, is a less obvious case for which the unidimensional reaction coordinate of the ISM is not enough to describe the reactivity. The electron density in the transition state of this exchange process is delocalised away from the H···C···H reaction coordinate because there are three additional CÀH bonds identical to the two selected for the reaction coordinate. This was presented in the VB theory of Shaik, Pross and co-workers by a larger f factor. [17, 75, 76] Alternatively, this effect can be regarded as giving rise to a transition-state bond order of less than 0.5 for this symmetrical reaction. A lower n°value leads to longer extensions of the reactive bonds in Equation (4), and a higher barrier in Equation (7) . Indeed, VB calculations show that the odd-electron density on the carbon in the active bond is 0.29. [75] We can estimate n°by adding the contribution to the bond order of the departing electron in the active orbital of the nucleophile, n XC = 0.5, that of the electron in the active bond of carbon, n YC < 0.29, to obtain n°= (n XC + n YC )/2 < 0.395. This upper limit for n°, together with f CH = 720 kcal mol À1 À2 from the CH 4 bonds and m = 1.117 from the electronic data of the hydrogen atom, gives a barrier of DV°> 39 kcal mol À1 with Equation (7), which is consistent with the ab initio barrier of 51.2 kcal mol À1 measured from the well of the reactant complexes. [23] Further evidence for our interpretation can be found in the ab initio calculations of Lee et al., who found a C À H bond length extension of 50 %, which is much longer than the percentage bond extensions of the systems presented in Figure 1 that are around 30 %. [23] This interpretation is further corroborated by the data on the simplest S N 2 reaction, H À + H 2 , for which there is no ambiguity of the reaction coordinate. With n°= 0.5, we calculate a barrier of 11.5 kcal mol
À1
, which is nearly identical to the ab initio barrier measured from the van der Waals minimum, 11.9 kcal mol À1 . [42] With the same n°= 0.5, the ab initio and ISM transition-state bond extensions of this system are in good agreement, as illustrated in Figure 1 .
Finally, it is interesting to compare the solvent dependence of S N 2 and ET reactions. Both involve the transfer of a single electron from the nucleophile to the leaving group. Outer-sphere ET reactions can be further distinguished by a low resonance in the transition state that is independent of the solvent. Considering only ET self-exchanges, in which DGA = 0, the low resonance in apolar solvents cannot be much reduced by polar solvents and static solvent effects should be smaller than for symmetrical methyl transfers. The weak solvent dependence of ET self-exchanges has been experimentally observed and this is the basis for the success of ISM applications to electron transfer. [72] 
